With increasing human use of North American inland lakes for recreational purposes, there is a greater probability of the incidental transfer and introduction of aquatic invasive species within them. This raises concern over the potential ecological and economic impacts that invasive species could have in these highly valued freshwater ecosystems. In this study, we focus our interests on 63 inland lakes distributed across the Southern Ontario landscape in order to evaluate whether concerns are warranted over potential adverse impacts of a well-known aquatic invasive species (the zebra mussel (Dreissena polymorpha)) on native fish assemblages and targeted game species (i.e., walleye (Sander vitreus), smallmouth bass (Micropterus dolomieu), lake trout (Salvelinus namaycush), and northern pike (Esox lucius)). Through the analysis of a comprehensive and multivariate dataset comprising lake morphometric, water chemistry, fish assemblage, fish metric, and zooplankton haul data, we examined the potential consequences of zebra mussel invasions in inland lakes. It was found that condition, growth, and relative abundance of some of the most highly valued game fish in inland lakes significantly varies among lakes with and without zebra mussel, though the nature of such effects differed for each of the fish species examined. In addition, it was shown that the species composition (i.e., identity and relative abundance) of active, large-bodied fish assemblages within a lake can indicate zebra mussel presence/absence with a high degree of certainty. Finally, while correlations between zebra mussel presence and the richness, abundance, growth, and condition of certain fish species were found, the results of this study indicate that the potential consequences of this well-known aquatic invader to fisheries in inland lakes may be less dramatic than those reported within the Great Lakes.
Introduction
The rapidly increasing trend in species introductions has sparked a growing interest in the study of invasion ecology coincident with a growing awareness of the significant adverse ecological impacts that invasive species can cause (Simberloff 2004) . For example, it is now well-documented that the introduction of invasive species can lead to losses in native species diversity, extinctions of native species, shifts in community structure and even whole-scale changes to ecosystem function (Elton 1958; Greenway 1967; Simberloff 1981; Drake et al.1989; Ramakrishan and Vitousek 1989; Coblentz 1990 ). Furthermore, alterations to habitat conditions and food webs wrought by an invasive species can facilitate further invasions and disturbances through a process termed 'invasional meltdown' (Simberloff and Von Holle 1999) . Finally, beyond potentially significant impacts on ecosystem form and function, invasive species can also have significant socio-economic effects on human communities or industries dependent upon aquatic ecosystems (Pimentel et al. 2001; Reaser et al. 2007 ).
Whereas certain communities may be resilient to invasions, particularly in terrestrial ecosystems characterized by high native species diversity (Elton 1958; Case 1990) , freshwater lakes appear to be particularly vulnerable to invasions by nonnative species (Mills et al. 1993; Ricciardi and MacIsaac 2000) . This is believed to be attributable to their high degree of endemism and isolation (Richter et al. 1997; Dudgeon et al. 2006) . The Great Lakes, for example, are among the most heavily impacted systems in the world, with more than 180 invasive species identified within their waters to date (Great Lakes Aquatic Nonindigenous Species Information System 2011). Not only are these lakes at the hub of major international shipping routes and surrounded by some of the highest density population centres in North America, but the connectivity among the lakes facilitates the spread of invasive species within them. While the extent of invasions within these lakes may seem unsurprising, the significant ecological and economic consequences resulting from the rapid and widespread establishment of several key invaders have been sobering (Ricciardi and MacIssac 2000) .
The zebra mussel, Dreissena polymorpha (Pallas, 1771) is native to the Ponto-Caspian region and was first detected in the Great Lakes (in Lake St. Clair) in 1988, believed to have been introduced through ballast water originating from the Baltic Sea (Griffiths et al. 1991) . From the time it was first detected, zebra mussels spread rapidly throughout the Great Lakes and within commercially navigable waters (Johnson and Padilla 1996) . Being filter feeders which consume plankton, zebra mussels have been shown to cause dramatic abiotic and biotic changes in lake ecosystems where they achieve high abundance (MacIsaac 1996) . Specifically, zebra mussels modify the physical environment by increasing water clarity, which increases light penetration in the water column. As a further consequence of increased light penetration, zebra mussels can indirectly facilitate increased growth and depth distribution of aquatic macrophytes (MacIsaac 1996) . In addition to changing water clarity, dense beds of zebra mussels can dramatically alter the bottom structure of a lake, as they are quick to colonize any submerged hard surface.
Beyond causing physical changes to their environments, zebra mussels can also disrupt aquatic food webs, primarily by shunting energy from pelagic to benthic pathways (Rennie et al. 2009 ). One of the more concerning ecological effects of zebra mussel invasions is that their establishment is often associated with a reduction in the abundance of small zooplankton (Pace et al. 1998; Higgins and Vander Zanden 2010) upon which the early life stages of many native fish species depend for food. In one of the better studied examples, zebra mussels in South Bay, Lake Huron have been implicated in the crash of Diporeia (Bousfield, 1989) populations and the subsequent changes in growth and condition of lake whitefish (Coregonus clupeaformis (Mitchill, 1818) ), which were historically dependent upon the native species of zooplankton as a major component of their diet (McNickle et al. 2006; Rennie et al. 2009 ). Not only do zebra mussels reduce phytoplankton biomass and thereby out compete and suppress small zooplankton species via food limitation, but they can also ingest certain small species directly (MacIssac 1996) . Few invasive species in the Great Lakes have caused more significant changes in the physical environment and to aquatic food webs than the zebra mussel.
The threat of aquatic invasive species from the Great Lakes spreading throughout other freshwater systems in the region-or even throughout the continent-is a concern (Vander Zanden and Olden 2008) . For a number of invasive species, this spread outside the Great Lakes and St. Lawrence Seaway has already begun, with detections documented not only in hydrologically connected waterbodies downstream of the source populations, but also in unconnected waterbodies inland. For example, by 1994 (six years after being introduced into the Great Lakes) adult zebra mussels had already been sighted in eight inland lakes, likely transported through transient recreational boating (Johnson and Padilla 1996) . Given the widespread recreational boating and angling use of inland lakes in highly populated regions of Southern Ontario and the Midwest and Northeastern American states, the incidental movement of this species through lake to lake transfer of contaminated boats, gear or bait buckets is suspected to be the most likely vector for its continued spread in these systems (Johnson and Padilla 1996; Litvak and Mandrak 1999) .
Given the documented adverse effects of zebra mussel in other systems where it has invaded, particularly within the Great Lakes, there is precedent to fear that the invasion of inland freshwater lakes by this aggressive, aquatic invasive species may cause similarly dramatic changes to the abiotic and biotic characteristics of inland lakes. More specifically, owing to the significant social and economic value of recreational fisheries within many potentially vulnerable inland freshwater lakes in North America, there is concern that zebra mussel invasions could reduce the diversity, abundance and condition of highly prized fish species.
In this study, we focus our interests on inland lakes distributed across the Southern Ontario Lakes in which zebra mussels were detected are labeled with black circles, and lakes without zebra mussels are labeled with open circles. For details see Supplementary material Table S1 . landscape in order to evaluate concerns over potential adverse impacts of this well-known aquatic invasive species on native fish assemblages and targeted game species in these systems. Specifically, we sought to evaluate whether there was a relationship between the presence of zebra mussel in inland lakes and (i) the richness, diversity, evenness, or dominance of existing fish assemblages; (ii) the condition, growth, relative abundance or depth selectivity of select game species including walleye (Sander vitreus (Mitchill, 1818) ), smallmouth bass (Micropterus dolomieu (Lacepède, 1802)), lake trout (Salvelinus namaycush (Walbaum, 1792)), and northern pike (Esox lucius (Linnaeus, 1758)); and (iii) whether the identity and abundance of large-bodied fishes within a lake could identify the presence of zebra mussel in lakes where otherwise unknown.
Methods

Lake selection
This study focused on 63 inland lakes within Southern Ontario (Figure 1 , Table S1 ). All study lakes were sampled between 2008-2010 as part of the Ministry of Natural Resources' (MNR's) Broad-Scale Monitoring (BsM) Program, and as such had been randomly selected for monitoring from across Ontario (Sandstrom et al. 2011) . BsM waterbodies for this study were selected on the basis of available fish attribute and ageing data, and zooplankton haul analysis data. Lake characteristics (surface area, mean/max depth, volume) for the BsM lakes were derived from the Aquatic Habitat Inventory following the Manual of Instructions for Aquatic Habitat Inventory Surveys (Dodge et al. 1982) , and from the Ontario Hydrographic Network spatial dataset using ArcGIS v9.3 (ESRI) to calculate surface area and volume.
To ensure that presence/absence groupings of lakes for zebra mussel were not biased by the inclusion of lakes in which they would not be expected to establish, we further excluded lakes that did not meet criteria to support them. Criteria were based on reported physiological tolerance limits of zebra mussel to critical water chemistry variables (i.e., pH and calcium concentration [Ca 2+ ]) as confirmed by zebra mussel presence/absence data for all lakes. Thus, lakes with pH values less than 6.9 (Claudi et al. 2012) , that also had [Ca 2+ ] less than 10.0 mg/L (Claudi and Mackie 1993) were excluded from this study.
Collection of fish assemblage and fish attribute data
All study lakes were sampled following the standardized protocols outlined in the BsM Manual of Instructions (Sandstrom et al. 2011 ) to assess fish abundance and community composition. The BsM protocol uses a combination of large mesh gang (mesh sizes 38, 51, 64, 76, 89, 102, 114, and 127 mm, 24 .8 m long, 1.8 m high; North American gillnets (Bonar et al. 2009 )) and small mesh gang (mesh sizes 13, 19, 25, 32, 38 mm, 12 .5 m long, 1.8 m high) monofilament gillnets randomly set among different depth strata (1-3, 3-6, 6-12, 12-20, 20-35, 35-50, 50-75 and 75 + m) equally distributed throughout the waterbody. Small mesh nets were restricted to depths less than 20 m, and owing to frequent net saturation, were more qualitative in nature. The location, minimum number of nets set and the allocation of netting effort across depth strata were determined on the basis of lake surface area and maximum depth, as dictated by the BsM protocol. Surveys were conducted seasonally, and limited to the four to six week period when surface water temperatures exceeded 18ºC. The period of sampling for both large and small mesh nets spanned the hours of 13:00-17:00 (set) and 8:00-11:00 (lift), such that set duration was between 16 and 22 hours.
All fish captured in both large and small mesh nets were identified, counted and measured for total length. In addition, sampling requirements for large mesh efforts include mandatory detailed lethal sampling of the first 20 lake trout, walleye, and northern pike and the first 10 smallmouth bass caught in each lake survey. Detailed sampling for these sacrificed key game species included total length (nearest mm), round weight (nearest 10 g), and ageing structure (i.e., otolith for walleye and lake trout, spiny ray for smallmouth bass and cleithrum for northern pike). All fish were aged at MNR's ageing laboratory in Dryden and assigned a confidence level in interpretation (on a scale of 1-10). Fish age data for which the confidence level of age estimation was four or less were excluded from subsequent growth analyses.
Collection of zebra mussel presence/absence data
Zooplankton hauls were conducted on all study lakes using 250µm mesh zooplankton nets, a target of five vertical hauls per lake-including two hauls in the middle of lake, one on the windward side along the fetch, and two access points. Zooplankton samples were preserved in 95% ethanol until laboratory analysis. The presence/ absence of dreissenid veligers was assessed by examining 1 mL of the sample placed in a Sedgwick-rafter cell under polarized light (Hosler 2011) . To verify veliger identification, specimens were measured and shapes assessed based on descriptions in Ackerman et al. (1994) . If no veligers were found in the first 1mL of sample, either a sugar separation was conducted (Schaner 1990) , or the entire sample was scanned by filtering through a 50m plankton mesh, followed by examination under polarized light. For all subsequent analyses, zebra mussels were considered to be present within a lake if at least one veliger was detected, and absent if no veligers were observed or identified from the samples collected.
Collection and analysis of water quality data
Water samples were collected in polyethylene terephthalate (PET) bottles from all study lakes in the spring preceding summer index netting. Samples were analyzed for a suite of water quality and water chemistry variables (including pH, [Ca 2+ ] (mg/L), alkalinity (mg/L CaCO 3 ), conductivity (S/cm/s)) at the Ministry of the Environment's Dorset Environmental Science Centre, following standardized protocols outlined in Ingram et al. (2006) . Secchi depth (m) was also recorded at the time of sample collection.
Quantifying lake access and population density information
Aerial surveys of a number of BsM lakes were conducted to assess angler effort and recreational activity levels within the lakes for both weekdays and weekends in the summer months. Among the 63 lakes selected for this study, 54 had summer aerial effort count data. As an indicator of summer lake use, we combined the total boat count of all boat types for both weekday and weekend surveys and divided this value by the total number of aerial survey days to calculate the Mean Number of Boats Day -1 for each surveyed lake. Human population density estimates in the vicinity of each study lake was determined with Statistics Canada 2001 Census Data using ArcGIS v9.3 (ESRI). The sum of the total population within each census township boundary was determined within a 100 km radius of the centroid of each study lake. A 100 km buffer distance was chosen based on the distance many Ontario anglers are willing to travel in one day to use lakes within the study area.
To quantify an estimate of human accessibility to the study lakes, the sum of the distance (m) of primary road network within a 1 km buffer of the shoreline of each study lake was determined using ArcGIS.
Calculation of fish biodiversity metrics
All biodiversity metrics were calculated based on catch data from both large and small mesh net sets from each lake. Species richness was calculated as the total number of fish species caught each lake. Shannon's Diversity Index (H) was calculated for each lake as follows:
Where s is the number of species in the lake and p i is the proportion of total sample represented by the i th species. Simpson's Diversity Index (DI) was similarly calculated for each lake according to the equation:
( 1 Evenness (J) was calculated for each lake based upon Shannon's Diversity Index (H) according to the following:
, representing the total proportion of individual fish represented by the three most dominant species in the lake was calculated as:
where p 1 , p 2 and p 3 are the relative proportions of the total number of fish in the lake make up by the first, second and third-most abundant species, respectively.
Statistical analyses
Since the study lakes were, by design, all randomly selected and distributed across the landscape within a geographically constrained area, we were able to group lakes according to the presence or absence of zebra mussel and assess differences in various endpoints within and between these groups, thereby increasing our statistical power to detect differences.
To test for differences in lakes beyond zebra mussel presence/absence that could potentially confound analyses of fish condition, growth, and relative abundance, we compared various lake attributes including lake morphometry and water chemistry between lakes with and without zebra mussels. To do this, we first ran a principal component analysis (PCA) on the following normalized and standardized variables: lake surface area, mean and maximum depth, volume, pH, alkalinity, conductivity, [Ca 2+ ] and Secchi depth. We then tested for differences between lakes with and without zebra mussels by performing student's t-tests on the first and second principle component scores for each lake. We used the same approach to test for differences in indicators of lake access (i.e., summer lake use, local human population density estimates, and lake accessibility) between lakes with or without zebra mussels. Finally, to test for potential spatial differences between lakes with or without zebra mussels, principal coordinate analysis was run on the latitudinal and longitudinal coordinates of each lake, to yield distance coordinates along two dimensions for each lake. These were then compared between lakes with and without zebra mussels by conducting t-tests.
To assess the effect of zebra mussel presence/ absence within a lake on fish biodiversity metrics, we conducted t-tests to compare the mean values of species richness, H, DI, J and D 3 between lakes with and without this invasive species. To control for possible type I errors with multiple tests, we adjusted significance levels using the Bonferroni correction (i.e., α = (0.05/5 tests) = 0.01; Quinn and Keough 2002) .
Analysis of Covariance (ANCOVA) was used to test for differences in the condition of each of the four select species (walleye, smallmouth bass, lake trout and northern pike) between lakes with and without zebra mussels. Total length was used as the covariate and round weight as the dependent variable. The interaction between zebra mussel presence/absence and total length was incorporated into the model to test for differences in slope (Pope and Kruse 2007) . Fish growth was similarly assessed for each species using an ANCOVA, with total length as the dependent variable and age as a covariate. Tests were run to assess differences in growth between lakes with and without zebra mussel for each fish species.
As a measure of relative abundance, catch per unit effort (CUE) was calculated as the total number of individual fish caught within a given net set (effort). For the purposes of this study, catch per unit effort data was used from only the large mesh nets as an index of relative abundance. Furthermore, for each of the four game fish species of interest, CUE data was assessed only for lakes where at least one individual of that species was caught. An ANOVA was conducted to assess difference in relative abundance grouped by presence or absence of zebra mussel within a waterbody. However, because catch count data can often include many zeros and are not normally distributed, the assumptions of an ANOVA were not met therefore a Poisson regression was conducted. Violations to the assumption of a Poisson regression (i.e., variance was over dispersed) resulted in the use of a negative binomial regression. Consequently, to test for differences in the abundance (CUE) of each game fish in the presence and absence of zebra mussels, we used a generalized linear model with a negative binomial function to fit the data. Similarly, to assess whether the depth selectivity of the four fish species of interest differed among lakes with or without the presence of zebra mussels, we examined differences in the CUE of each species within discrete depth strata using a negative binomial generalized linear model.
Finally, we used discriminant function analysis (DFA) to assess if fish catch data (i.e., species composition and relative abundance) could be used to predict the presence or absence of zebra mussel in inland lakes in Ontario, if previously undetected. For this analysis, we included the CUE of all fish species caught in large mesh nets in each of the study lakes as predictor variables, and classified lakes based on zebra mussel presence or absence (i.e., grouping variable). We excluded any fish species for which total catch in all lakes was less than 10 individuals.
Where dictated by the assumptions of the specific test, all data (or residuals) were tested for normality using the Shapiro Wilk test (α = 0.05) and for heteroskedasticity using the Cook-Weisberg test (α = 0.05). Where data failed to meet these assumptions, they were log or square-root transformed. In addition, all normalized data were standardized prior to running PCA. No data transformations were conducted for the DFA or negative binomial regressions. All analyses were run using STATA 12.0 (StataCorp 2011; College Station, TX).
Results
Of the 63 lakes examined in this study, zebra mussels were detected in 47 lakes while none were detected in the remaining 16 lakes (Figure 1) . A total of 1032 walleye, 1438 smallmouth bass, 192 lake trout, and 527 northern pike were caught in large mesh nets in the study lakes, and fish metric data was available for 716, 796, 205, and 332 individuals of these species, respectively.
Lake attributes
Principal component analysis of lake morphometry and lake chemistry variables resulted in three principal components with eigenvalues greater than one, explaining 88% of the variation in the data. The first principal component explained 47% of the variation, and was strongly correlated with [Ca 2+ ], conductivity, alkalinity, and pH. The second principal component explained 28% of the variation and was highly correlated with lake volume, surface area, maximum depth and mean depth. There was a significant difference in the first principal component scores (i.e., lake water chemistry parameters; means presented in Table  1a ) between lakes with and without zebra mussels (F 1,46 = 6.73; p = 0.013), but no difference in the scores for the second principal component (i.e., lake morphometry metrics; means presented in Table 1a ) (F 1,46 = 0.00; p = 0.998).
Principal component analysis of lake access and human population density estimates resulted in one principal component with an eigenvalue greater than one, which explained 62% of the variation in the data, and was strongly correlated with all three indicators of lake access. There was a significant difference in the first principal component scores between lakes with and without Table 1a . Means (with standard deviation in brackets) of raw lake morphometry and water chemistry data for study lakes with (Y) and without (N) zebra mussels. zebra mussels (F 1,52 = 11.32; p = 0.0014), where lakes with zebra mussels present were characterized as having greater human population and road network densities in their vicinities, and more boating activity than study lakes with no zebra mussels (means presented in Table 1b ). The proportion of variation explained by the first dimension derived from principal coordinate analysis of lake geographical coordinates was 84%, while the second dimension explained 16% of the variation. The first dimension was correlated with longitude, and did not differ significantly between lakes with or without zebra mussels (ttest: F 1,61 =0.11; p =0.743). The second dimension was correlated with latitude, and did significantly vary between the two lake groupings (t-test: F 1,61 = 10.45; p = 0.002). Lakes with zebra mussels were located further south on average (mean latitude (standard deviation): 44.74700 (0.35198)) than lakes with no zebra mussels (mean latitude (standard deviation): 45.07981 (0.38549)).
Fish biodiversity metrics
Species richness (of fish susceptible to small and large mesh gill nets) was significantly greater in lakes where zebra mussel were detected than in lakes where zebra mussels were absent. There were no detectable differences in species diversity, evenness or dominance between lakes with and without zebra mussel (Table 2) . However, retrospective power analyses indicate that the ability to detect true differences in these metrics between lake types was low.
Condition and growth of game fish
Walleye There were significant differences in both the condition and growth of walleye among study lakes with and without presence of zebra mussels. In lakes with zebra mussels, the interaction (i.e., slope) between length and weight for walleye was greater than in lakes with no zebra mussels (Table 3) . That is, as walleye in lakes with zebra mussels increase in length, they put on weight at a greater rate than in lakes without this invasive species. In contrast, while the slopes did not differ between the two types of lake for the growth metric, at any given age, individual walleye in lakes with zebra mussels were consistently smaller (i.e., smaller intercept) compared to individuals from lakes without zebra mussels (Table 3) .
Smallmouth bass
Smallmouth bass condition and growth significantly varied among waterbodies with and without zebra mussels (Table 3) . Similarly to walleye, the interaction (i.e., slope) between length and weight for smallmouth bass was greater in lakes with zebra mussel than in lakes with no zebra mussels ( Table 3 ), indicating that bass are in better condition as larger individuals in lakes where zebra mussel are present. However, growth rates of smallmouth bass were greater (i.e., greater slope of length vs. age regression line) in study lakes where zebra mussel were not detected.
Lake trout
There was no significant difference in the condition of lake trout in waterbodies with or without zebra mussel (Table 3) . However, there was a significant difference in lake trout growth, with the interaction (i.e., slope) between age and length being greater (and the intercept smaller) in lakes without the invasive species. That is, while they enter the population at smaller sizes, lake trout exhibit faster growth rates, achieving larger sizes at older ages in uninvaded lakes (Table 3) .
Northern pike
There was no significant difference in the condition of northern pike in the study lakes with or without zebra mussels (Table 3) . However, there was a significant difference in the growth rates of northern pike, as measured using length at age, between the two groups of lakes. As with lake trout, the interaction (i.e., slope) between age and length was greater (and the intercept smaller) in lakes without zebra mussel meaning that individuals enter the population at smaller sizes, but grow faster and achieve larger sizes at ages than in lakes with zebra mussel (Table 3) .
Relative abundance and depth selectivity of game fish
Relative abundance of walleye and lake trout significantly varied in the study lakes with and without zebra mussel (Table 4) . While the relative abundance of walleye was significantly greater in lakes without zebra mussel, the relative abundance of lake trout was significantly greater in lakes with zebra mussel. There was no significant difference in the mean CUE of either smallmouth bass or northern pike among lakes with and without zebra mussel (Table 4) . We found depth selectivity did not differ in of any of the four select species among lakes with or without zebra mussels (Table 5) .
Predicting zebra mussel presence/absence based on large-bodied fish assemblages
Discriminant function analysis demonstrated that lakes could be classified as supporting zebra mussel or not with 81% accuracy (i.e., 51 of 63 lakes classified correctly) based on species composition and relative abundance sampled in the large mesh nets (Table 6 ). This confirms that presence/absence of zebra mussel within a waterbody could be predicted if previously unconfirmed based upon community index netting alone.
Discussion
Benefiting from a comprehensive and multivariate dataset collected following standardized protocols through the BsM program for a large number of lakes randomly distributed across the Southern Ontario landscape, this study represents one of the first to empirically examine the potential consequences of zebra mussel invasions to fisheries in inland lakes. By focusing on lakes within a geographically confined region that were largely similar with respect to lake morphometry, but which differed with respect to presence or absence of zebra mussels, we were we able to examine potential correlations between this wellknown aquatic invasive species and the biodiversity of fish assemblages, and the size and abundance of important game fish species in these systems. Table 3 . Summary of ANCOVA models for differences in derived condition (weight at length) and growth (length at age) metrics for walleye, smallmouth bass, lake trout and northern pike between lakes with (Y) and without (N) zebra mussels. Significant differences (p < 0.05) in slopes and/or intercepts of the regression lines are bold. Table 4 . Catch per unit effort (CUE) of target game fish species in large mesh nets from lakes with (Y) and without (N) zebra mussels, and results of negative binomial generalized linear model to test for differences between lake types. Significant differences (p < 0.05) in bold. Key findings of this study suggest that the condition, growth, and relative abundance of some of the most highly valued game fish varied among waterbodies with and without zebra mussels, and that the species composition (i.e., identity and relative abundance) of assemblages of large-bodied, active fishes within a lake can indicate zebra mussel presence/absence with a high degree of certainty.
Fish biodiversity metrics
The relationship between invasive species and the diversity, richness and evenness of a recipient community is complex, and can be either correlational or causal (Didham et al. 2005) . On the one hand, there are numerous examples within the invasion biology literature documenting reductions in biodiversity and changes in community structure as a result of invasive species introductions (Vitousek et al. 1996; Wilcove et al. 1998; Ricciardi 2004) . On the other hand, it is often held that communities with high species richness and diversity are more stable and resilient to disturbances and invasions than species poor communities (reviewed in Stachowicz et al. 1999; Fridley et al. 2007) . Considering both scenarios, we expected to see lower species richness, diversity, and evenness in fish assemblages in invaded lakes (i.e., if zebra mussels result in biodiversity losses in these systems), and greater indices of diversity and evenness in un-invaded lakes (i.e., if highly diverse communities are more resilient against invasions). Interestingly, we detected greater species richness (i.e., total number of fish species caught in large and small-mesh gillnets) in lakes with zebra mussels present. A number of factors are correlated with fish species richness in freshwater lakes including lake size and habitat complexity (Matuszek and Beggs 1988) , connectivity with other waterbodies (Meeuwig et al. 2008) , latitude (Stevens 1989) , and pH-especially for lakes with pH < 6.0 (Matuszek and Beggs 2011) . Although none of the study lakes had pH values less than 6.9, lakes with zebra mussels present had higher pH values than lakes without (Table  1) . Furthermore, there were latitudinal differences between lakes with and without zebra mussels, with invaded lakes being located further south, on average, than uninvaded lakes. Thus, it is possible that differences in lake chemistry characteristics and/or latitudinal effects have contributed to the observed differences in species richness.
Contrary to our expectations, we did not detect any significant differences in the diversity, evenness or dominance of fish assemblages between lakes with and without zebra mussels it may be that we were unable to detect a true effect of zebra mussel on fish assemblage biodiversity owing to several limitations of the study, including the fact that zebra mussel abundance and time since introduction were not quantified here. Because potential effects of an invasive species on native fish assemblages would likely be related to the establishment phase and abundance of the invader, this information may be required to better elucidate effects on fish assemblages. Consequently, withinlake comparisons of fish assemblage biodiversity metrics before and after invasion, or between lakes that differ with respect to time since invasion may be a more appropriate means of detecting effects. However, fish assemblage surveys conducted before and after zebra mussel invasion in the Huron River revealed that there were no significant changes in either fish species richness or diversity (Birkett 2011) . As one possible explanation for this finding, it has been suggested that invasions in aquatic ecosystems may be less mediated by the composition or diversity of the recipient community than they are by dispersal opportunities and favourable abiotic conditions (Vitousek et al. 1997) . That is, highly diverse communities, or low diversity communities may be equally vulnerable to invasion in aquatic ecosystems.
Although we did not detect changes in species diversity, evenness or dominance between invaded and un-invaded lakes, perhaps the most intriguing finding of this study was that lakes with and without zebra mussels could be categorized based on the structure of assemblages in the catch. Based on the identity and abundance of the fish species caught in large mesh index nets, we were able to predict the presence or absence of zebra mussels within these waterbodies with a high level of certainty. This indicates that there is an effect of zebra mussels on the structure of largebodied fish assemblages in the study lakes, even though this was not apparent using conventional diversity indices. Interestingly, while no change in fish species richness or diversity was found in the Huron River after zebra mussel invasion, several significant changes in fish community composition were detected (Birkett 2011 ). Therefore, in order to detect changes in community structure, in certain cases it may be necessary to examine the identity or functional guild of fish species within the community.
Discriminant function models such as the one derived here to classify lakes as having zebra mussels present or absent based on the catch in large mesh index nets could be used to identify their presence in similar waterbodies where its status is otherwise unknown. Depending on the time required since introduction for zebra mussels to affect changes to fish assemblages, such models may or may not be useful for early detection. It would be a valuable exercise to test the model's ability to predict zebra mussel presence/absence in other lakes where standardized index netting and zooplankton hauls have been conducted, in addition to lakes where zebra mussel presence/absence was unknown but confirmed with field studies.
Condition and growth of game fish
Condition and growth of both walleye and smallmouth bass significantly varied among lakes with and without zebra mussel. Furthermore, although we found differences in growth of both lake trout and northern pike, we did not detect any difference in the condition of either of the latter two game fish species between lakes with and without zebra mussels.
For both walleye and smallmouth bass, the interaction (i.e., slope) between weight (condition) and length was significantly greater, and the intercept smaller for individuals deriving from lakes with zebra mussels present than for individuals caught in lakes without zebra mussels. That is, individual fish gain weight at faster rates as they increase in length in lakes with zebra mussels. Thus, for both species, fish entering the population have reduced weights, and smaller individuals have lower body condition in lakes with zebra mussels than without. However, the opposite is true of larger individuals in the populations, which are heavier and in better condition in lakes with zebra mussels present than in lakes where they are absent. This type of trend in fish condition data is suggestive of possible resource limitations for different size categories between populations (Pope and Kruse 2007) . There was no effect of zebra mussel presence/absence on the condition of either lake trout or northern pike.
While there may be other influencing factors, the results of these analyses could suggest that zebra mussels may have a negative relationship on the feeding ecology of larval or young of the year walleye and smallmouth bass. For both species, larval and age-0 life stages feed primarily on zooplankton (Scott and Crossman 1973; Bozek et al. 2011) . Because zebra mussels have been documented to cause significant reductions in zooplankton in lakes where they have become established (Higgins and Vander Zanden 2010) , it is possible that reduced early life stage condition or growth of these species could be the result of food limitation caused by zebra mussels. In addition, dense beds of zebra mussels can also reduce the foraging success of fish for soft-sediment zoobenthos (Beekey et al. 2004) , which could further limit prey availability for fingerling walleye that feed on these organisms during critical growth stages (Kerr and Grant 2000) . The finding that larger individuals displayed improved condition in lakes with zebra mussels relative to smaller individuals may reflect ontogenetic diet shifts that occur in both species after the first year. That is, larger juvenile and adult smallmouth bass prey primarily on crayfish (Bevelhimer 1996) while juvenile and adult walleye are mostly piscivorous (Frey et al. 2003) . Consequently, larger individuals of both species would escape any potential food limitation effects of zebra mussels on condition or growth.
Existing assessments of the impact of zebra mussel invasions on the condition, growth, and diet of age-0 individuals of other game species have yielded inconsistent findings. Trometer and Busch (1999) reported no changes in the growth of age-0 yellow perch (Perca flavescens (Mitchill, 1814)), walleye, or freshwater drum (Aplodinotus grunniens (Rafinesque, 1819)) after zebra mussel invasion in Lake Erie. However, mean weight, length, condition, and growth rates of age-0 rainbow trout (Oncorhynchus mykiss (Walbaum, 1792)) in the Muskegon River were all found to decrease, coincident with a significant change in diet, after zebra mussel invasion (Guiliano 2011) . Although differences in the growth and condition of walleye and smallmouth bass were observed here, the results of this study cannot confirm zebra mussel presence/absence as the causative mechanism driving these differences. However, given the correlations between zebra mussel presence and fish condition noted here, the potential influence of zebra mussels on the feeding ecology of early life stages of game fish is certainly an area warranting further study.
For important game species, factors influencing individual growth rates could have significant implications for recreational fisheries, since there is greater value to fish that achieve bigger sizes as adults. In addition, there may also be implications for population growth metrics, since increased growth rates and larger sizes of reproductive individuals are critical determinants of fecundity and ultimately population growth rate (reviewed in Wootton 1998 and Jenkins et al. 1999) . ANCOVA models for walleye revealed that while the slopes of the growth (length at age) lines were similar for lakes with and without zebra mussel, the intercept was significant smaller in lakes with zebra mussel. This indicates that individuals in zebra mussel lakes are consistently smaller across all age classes than in lakes with no zebra mussels. For smallmouth bass, lake trout, and northern pike there was a significant effect of zebra mussel presence on the slope of the growth curve. In the case of all three species, individuals displayed faster growth rates in lakes without zebra mussels than those in lakes with zebra mussels.
Although significant correlations with zebra mussel presence and game fish growth were noted, these findings cannot confirm whether zebra mussel invasions in the study lakes are the cause of observed reductions in growth rates. Clearly, even though lakes were broadly comparable with respect to morphometry and lake access metrics, they differed with respect to several water chemistry parameters as well as in their spatial location (i.e., latitude). These and other potential underlying differences between the lakes (including the presence of other invasive species) could be driving variation in growth rates among these populations.
Relative abundance
Invasive species are often feared to have detrimental impacts on native species of economic importance, yet this may not always be the case for all species in invaded systems. Here, we found that the presence of zebra mussels had no correlation with the relative abundance of smallmouth bass or northern pike based on CUE in large-mesh gillnets. Conversely, lake trout were found in greater abundance and walleye in lower abundance in lakes with zebra mussels present than in lakes without.
Given the fact that zebra mussel fouling of spawning shoals has been shown to reduce lake trout spawning success where they co-exist in the Great Lakes (Marsden and Chotkowski 2001) , we might have predicted lower lake trout abundance in lakes where zebra mussels have colonized. Although our study results demonstrate the opposite, differences in the character and biological communities of lake trout lakes may have confounding effects on the results of the abundance analyses for this species, and renders interpretation of these results difficult. For example, being a coldwater fish, lake trout generally inhabit deeper, oligotrophic lakes that support different fish communities (Kerr and Grant 2000) than the lakes typically inhabited by the other three species of game fish assessed in this study. It is possible that the abundance of lake trout is not correlated at all to the presence of zebra mussels and that there are other factors contributing to the greater abundance in these lakes.
Within the province of Ontario, walleye the most sought after game fish species, supporting the most economically valuable recreational fishery in the province (Fisheries and Oceans Canada 2005 ; Ontario Ministry of Natural Resources 2005). As a result, our detection of a significant negative relationship of zebra mussel presence with the relative abundance of this species in inland lakes in Southern Ontario is perhaps the most critical finding of the study. However, it was not necessarily surprising, as walleye CUE in Lake St. Clair declined by nearly 50% following the establishment of zebra mussels (Ontario Ministry of Natural Resources 1995; cited in MacIssac 1996) , with similar declines documented in eastern Lake Ontario (Hoyle et al. 2008) .
Previous studies have found no significant impacts of zebra mussel infestation of spawning shoals on the spawning success of walleye (Leach 1993; Fitzsimons et al. 1995) which suggests that they do not affect walleye abundance via impacts on spawning habitat quality or quantity. Furthermore, while lake trout were in greater abundance in lakes with zebra mussels, there has yet to be consistent evidence of significant competitive interactions between this species and walleye (Kerr and Grant 2000) . Although potential competitive or predatory interactions between other fish species and walleye in the study lakes cannot be entirely ruled out as a factor contributing to differences in walleye abundance between lakes, our finding of lower walleye abundance in lakes with zebra mussels could also be attributed to possible direct and indirect food limitation mediated by the invasive species.
Not only could the presence of zebra mussels limit the availability of zooplankton prey available to larval walleye as discussed above, but there is evidence to suggest that they may limit prey availability for other life stages of this species as well. Colonies of zebra mussels increase the structural complexity of benthic habitats in freshwater systems where they have been introduced (Beekey et al. 2004 ) which can provide refugia from predation for various benthic invertebrates (Cobb and Watzin 2002) including many softsediment zoobenthos (e.g., Ephemopterans and Dipterans; Beekey et al. 2004 ). The latter are particularly important dietary components of fingerling and juvenile walleye (Scott and Crossman 1973; Ritchie and Colby 1988; Kerr and Grant 2000) . As a result, the presence of zebra mussels could adversely affect the foraging success of walleye during these critical growth periods, just as it has been shown to do for other common benthic foraging life stages or species of fish (Beekey et al. 2004 ).
While we have proposed several food-limitation mechanisms by which the zebra mussel could reduce the relative abundance of this species, the presence of zebra mussel cannot be confirmed as the cause of observed decreases in walleye abundance. For example, it may be the case that lakes with zebra mussels present also experience greater fishing pressure targeted at walleye. Our analyses did reveal a difference in human access metrics between lakes with and without zebra mussel, with zebra mussel lakes having greater population density and more road networks in their vicinities than lakes without zebra mussels. However, while these factors may certainly influence the likelihood of zebra mussel presence within a lake, they are not necessarily indicative of angler effort. Unfortunately, the relationships between angling activities in lakes, invasive species presence/ absence, and the abundance of preferred game species are closely interrelated, making it difficult to establish causal and correlated factors in observed changes in abundance or fish community structure.
Depth selectivity
Based on the analysis of catch data from the depth-stratified BsM netting design, there was no evidence of an effect of zebra mussel presence on the depth selectivity of smallmouth bass, lake trout, northern pike and walleye. We might have expected to see changes in the depth selectivity of walleye since this species prefers moderate to low light conditions (Lester et al. 2004) , and there have been demonstrated effects of zebra mussels on water clarity (Zhu et al. 2006 ). Thus, we would have predicted that if zebra mussels increased water clarity, walleye in lakes with this species would have to move to deeper waters to find optimal optical habitat. For example, since the zebra mussel invasion in Lake St. Clair, walleye are now primarily found in the shipping channel, which is the deepest and most turbid part of the lake (MacIssac 1996) . However, we did not see any associated changes in water clarity with the presence of zebra mussels as measured by Secchi depth ( Table 1 ), implying that there may have been no physical drivers to induce a change in walleye depth selectivity.
Conclusion
Invasive species are now a widespread and significant component of many freshwater ecosystems, and several of these have the propensity to cause changes to food webs, community structure and ecosystem function in receiving systems (Ricciardi and MacIsaac 2000) . Among these species is the zebra mussel, whose adverse effects in systems where it has invaded are well-documented, particularly within the Great Lakes. Here we examined the effect of zebra mussels on the biodiversity, growth, condition and abundance of active, large-bodied fish species to assess whether this well-known invader is causing similarly significant changes in inland freshwater lakes in Ontario.
Our study indicates that while the establishment of species such as the zebra mussel may be associated with adverse effects on the growth, condition and abundance of certain fish species, they may also directly or indirectly benefit, or have no effect on other fish species. By disproportionately or differentially affecting fish species or life stages, the presence of zebra mussels could thereby affect the structure or biodiversity of fish assemblages. Although we did not detect any changes in fish assemblage structure as indicated by generic metrics of species diversity, evenness, or dominance we did discover that the lakes in our study can be categorized as having zebra mussels present or absent with a relatively high degree of certainty based on the identity and respective relative abundance of individual species of large-bodied fish within a lake community, corroborating the prediction that zebra mussels can affect fish assemblage structure.
While correlations between zebra mussel presence and the identity, abundance, growth, and condition of certain fish species were found, the results of this study indicate that the potential consequences of this invasive species to fisheries in inland lakes may be less dramatic than those reported within the Great Lakes. However, efforts to better elucidate the potential causal role that zebra mussel invasions could be playing in the structuring of large-bodied fish communities within inland lakes are warranted. To this end, it is hoped that the inclusion of a temporal component in further analyses of these lakes will enhance our understanding of the potential consequences of this invasive species outside the context of the Great Lakes.
